Infection with Helicobacter pylori is usually asymptomatic but sometimes progresses to peptic ulcer disease or gastric adenocarcinoma. The development of disease involves both host and bacterial factors. In order to better understand host factors in pathogenesis, we studied the gastric transcription profile of H. pylori infection in the rhesus macaque by using DNA microarrays. Significant changes were found in the expression of genes important for innate immunity, chemokines and cytokines, cell growth and differentiation, apoptosis, structural proteins, and signal transduction and transcription factors. This broad transcription profile demonstrated expected up-regulation of cell structural elements and the host inflammatory and immune response, as well as the novel finding of down-regulation of heat shock proteins. These results provide a unique view of acute H. pylori infection in a relevant animal model system and will direct future studies regarding the host response to H. pylori infection.
Helicobacter pylori is a gram-negative spiral bacterium that chronically infects the gastric mucosa of approximately 60% of the world's population. All infected individuals develop histologic gastritis, but most have no clinical disease. However, 10 to 15% of those infected develop peptic ulcer disease or gastric adenocarcinoma (68, 93) , which is the second most common cause of cancer mortality worldwide (43) . The development of disease associated with H. pylori infection is a multifactorial process that is not well understood (69) but involves both host and bacterial factors. Infection with strains of H. pylori that contain the cag (cytotoxin-associated gene) pathogenicity island (PAI) has been associated with a greater degree of inflammation and with the development of peptic ulcer disease and gastric cancer in developed countries, but not in many developing countries, where nearly all H. pylori strains have the Cag PAI (16) . The response to chronic H. pylori infection is also influenced by host genetic factors (30) and probably by environmental factors, such as diet and others (52) .
Analysis of host gene expression in response to H. pylori infection is one way to better understand the role of host factors in pathogenesis. Most investigators have exploited gastric cancer cell lines cocultured with H. pylori and subsequent analysis by DNA microarray (5, 17, 21, 40, 48, 54, 57, 65, 81, 98) . Although cell culture experiments offer the advantage of a defined cell type, there are some important disadvantages to this strategy. Cell culture experiments are generally limited to 24 to 48 h of infection, while natural infection is typically lifelong. Perhaps more importantly, experiments using cell culture lack the rich microenvironment and cell diversity, including cellular and humoral constituents of the host immune response, that are encountered in the gastric mucosa. Furthermore, cancer cell lines frequently differ in gene expression from normal tissue (13, 51) . While some findings from these cell culture experiments have been validated in infected human tissues by reverse transcription-PCR (21) , there is little known of global host gene expression in infected humans. Human studies are limited because, in the absence of human challenge, which is generally considered unacceptable, control over the particular H. pylori strain, duration of infection, and other variables is impossible.
Animal models provide a means to study the acute host response to H. pylori infection by comparison of gene expression before and after experimental infection (66) . Perhaps the most relevant model to human infection is the rhesus macaque, which in captive populations is naturally infected with strains of H. pylori that are indistinguishable from strains that infect humans (26, 29, 85) . Infection is associated with rapid induction of histologic gastritis that mimics what is seen in infected humans (28, 85) . Furthermore, some animals go on to develop atrophic gastritis, the histologic precursor to gastric adenocarcinoma (29) . Thus, the rhesus macaque model provides a unique opportunity to study acute infection; the time during which the host and bacteria establish an equilibrium and the outcome of the relationship has yet to be determined.
Although nonhuman primate-based DNA microarrays are not currently available, there is sufficient DNA sequence similarity between humans and nonhuman primates that human genome microarrays can be used to analyze samples from rhesus macaques and other nonhuman primates (12, 47, 104) . For example, analysis of normal human and rhesus macaque jejunum showed that comparable numbers of expressed genes were identified by microarray, with about 90% overlap (36) . Therefore, the purpose of this study was to examine host gene expression during acute H. pylori infection with use of the rhesus macaque model and DNA microarrays of the human genome.
MATERIALS AND METHODS

Animals.
Three male rhesus macaques (Macaca mulatta) were housed at the California National Primate Research Center (CNPRC), which is accredited by the Association for the Assessment and Accreditation of Laboratory Animal Data analysis. Three independent analyses were performed. All data were first collated and scaled (scaling factor between 10 and 30) in Microarray Suite 5.0 (MAS 5.0; Affymetrix). Initial analysis was performed by inspection with use of Microsoft Excel and cross comparisons imported from MAS 5.0. For this analysis each animal's preinoculation time point (baseline) was compared to its own postinoculation (p.i.) time point as well as the p.i. time point of the other two animals, yielding nine total comparisons per time point. Genes were considered significantly changed if at least seven of nine comparisons indicated increased or decreased expression and had a P value of Յ0.05. P values for this analysis were determined in MAS 5.0 and were based on the comparisons at the probe level (n ϭ 20 probes/probe set). We next used dChip (version 1.2) for comparison of baseline to each p.i. time point with use of fluorescence intensity values (.CEL files) from MAS 5.0 (www.dchip.org) (53) . Finally, BRB ArrayTools (version 3.1), developed by Richard Simon and Amy Lam of the Biometric Research Branch of the National Cancer Institute, was used for microarray analysis (http: //linus.nci.nih.gov/BRB-ArrayTools.html). Baseline and p.i. data were compared with the class comparison tool, which uses a t test to compare the log signal intensity between two classes (i.e., baseline and one p.i. time point). The t test uses a pooled variance (pooled across all genes) to estimate the variability of the log signal for each gene (97) . However, it uses a separate estimate of variability for each gene rather than assuming the same variability for all genes. Genes with at least 2.0-fold change averaged over three animals and a P value of Յ0.05 were considered changed over preinfection values. Genes were annotated using DRAGON View (http://pevsnerlab.kennedykrieger.org/dragon.htm) (14) and individual gene queries of the National Center for Biotechnology InformationPubMed (http://www.ncbi.nlm.nih.gov).
RESULTS AND DISCUSSION
Quantitative culture. Three juvenile rhesus macaques specific pathogen free for Helicobacter species were inoculated with a mixture that contained 10 5 CFU of six rhesus-passaged H. pylori J166 isolates. Quantitative cultures of three biopsy specimens from the gastric antrum at 2, 8, and 24 weeks p.i. showed that all animals were chronically infected with 10 5 to 10 7 CFU/g of gastric tissue (Fig. 1 ). This degree of colonization resembles that seen in natural human infection (4) .
Host gene expression. Microarray analysis was performed on samples of the gastric antrum and corpus for each time point with use of the Affymetrix HuFL DNA GeneChip, which contains oligonucleotides representing over 7,000 cDNAs. Three independent methods of analysis were employed as described above. Although the fold change varied somewhat depending upon the method used, a core group of genes with consistently altered expression was identified with each analysis. Here we Approximately one-third of the genes represented had a positive signal intensity on the microarray, which is similar to previous studies with Affymetrix human arrays with nonhuman primate samples (18) . Comparison of each p.i. transcription profile to the baseline profile identified 148 genes (84 up, 64 down) at 2 weeks p.i., 129 genes (66 up, 63 down) at 8 weeks p.i., and 206 genes (105 up, 101 down) at 24 weeks p.i. that were significantly changed. A subset of the genes whose expression changed significantly were grouped into functional categories, which included the innate immune-inflammatory response, chemokines and cytokines, cell growth and differentiation, apoptosis, structural proteins, signal transduction, and transcription factors (Tables 1 to 3) . A full data set that includes all genes with significantly altered expression is available at http://solnicklab.compmed.ucdavis.edu/.
Innate immune-inflammatory response. (i) Antimicrobial proteins and peptides. At each time point p.i., there was upregulation of antimicrobial proteins or peptides (Tables 1 to 3) , including human beta-defensin 2 (hBD-2), protease inhibitor 3 (elafin), neutrophil gelatinase-associated lipocalin (NGAL), and surfactant. The best studied of these molecules are the defensins, which are a family of antimicrobial peptides that are expressed in neutrophils and on mucosal surfaces, where they are thought to play an important role in innate host defense (11) . Recent evidence from cell culture experiments and gastric biopsies of chronically infected humans supports our finding that hBD-2 is induced by H. pylori and can inhibit its growth at concentrations as low as 10 Ϫ5 mol/l (6, 41, 92, 95) . Protease inhibitor 3 (elafin) is a defensin-like protein with a clear antimicrobial role in innate immune defense in the lung (78) . Similarly, NGAL has direct antimicrobial effects as well as the ability to scavenge bacterial products (56) and is expressed in normal gastric mucosa by parietal cells (33) . During H. pylori infection NGAL may also be expressed from neutrophils or even Paneth cells, which may be present in the setting of intestinal metaplasia after chronic infection (56) . Finally, surfactant protein A2 delta expression may also contribute antimicrobial effects similar to those of surfactant protein D, which binds bacteria, causing aggregation and phagocytosis, and is up-regulated during H. pylori infection (64) . Taken together, these results extend previous findings of H. pylori-induced expression of hBD-2 to an experimental model system and suggest that this is part of a family of antimicrobial peptides whose expression in the stomach is increased by H. pylori infection.
(ii) Mucin. The gastric mucous layer also provides a protective barrier against infection. Mucins 1 and 6, which are key components of the mucous layer, showed increased expression at 24 weeks p.i. (Table 3 ). Mucin 1 can limit cell-cell adhesion and H. pylori binding to the gastric epithelium and may have the additional function of signal transduction to alert the cell to changing extracellular conditions (35) . Increased expression of mucin 1 fits with decreased expression of transcription factor 8 (ZEB1) ( Table 3) , which is known to repress mucin 1 in epithelial cells (39) . H. pylori infection has been associated with an increase in the expression of mucin 6 and expansion of mucin 6 expression from mucous glands to surface mucous cells (15, 59) . It is not known what effect up-regulation of mucins 1 and 6 have on the H. pylori adhesion in vivo. Mucin 5AC was not significantly changed in this study. This may at first seem surprising, since mucin 5AC has recently been identified as the primary source for Lewis b binding of H. pylori BabA adhesin (94) , and its expression in humans is induced by H. pylori infection (15). However, passage of H. pylori J166 through rhesus macaques results in deletion of babA and duplication of babB (84) . This gene conversion event results in loss of adhesion to Lewis b , and it may explain the failure of H. pylori J166 to induce expression of mucin 5AC in rhesus macaques. Alternatively, since the mucin 5AC DNA sequence is not known for rhesus macaques, a lack of up-regulation could be due to sequence differences.
(iii) Extracellular matrix remodeling. Expression of collagen VIII and IX was increased following H. pylori infection (Tables 1 to 3 ). Altered expression was found for several protease inhibitors, such as antithrombin III, serine protease inhibitor (Kazal type I), alpha-1-antitrypsin, and matrix metalloproteinase 3 (MMP-3) (all decreased) and MMP-15 (increased) (Tables 1 to 3 ). These results differ somewhat from recent studies using cultured gastric epithelial cells that demonstrated increased expression of proteases and protease inhibitors, such as MMP-1, -2, -3, -7, and -9 and ADAM (a disintegrin and metalloproteinase)-10 and -17 in gastric epithelial cells (9, 10, 24, 38, 48, 63, 99) . Our results may emphasize differences between gene expression in cultured cells and an experimental animal model associated with H. pylori infection. Overall there is a growing appreciation that remodeling of the extracellular matrix is a key event in H. pylori infection. Up-regulation of some of these proteins may contribute to the carcinogenic potential of H. pylori, as up-regulation of MMP-7 has been associated with both gastric adenocarcinoma and premalignant lesions in the stomach and other tissues of the gastrointestinal tract (24) .
(iv) Cell adhesion molecules. Changes in cell adhesion molecules were also present at all time points p.i. CD44 and intercellular adhesion molecule 5 (ICAM-5) were increased in expression 2 weeks p.i. ICAM-5 has previously been associated with expression in neuronal tissue (55) . CD44 and ICAM-1 (31) . CD44 expression was decreased at 24 weeks postinfection as were the integrins ␣3 and ␣L (CD11A). These changes generally reflect alterations in cell-cell interactions and cell migration. CD44, a hyaluronin receptor, provides a docking station for MMP-9 (100). MMP-9 and MMP-2 cleave latent transforming growth factor ␤ (TGF-␤) (10) . These changes reflect alterations in cell-cell interactions and cell migration that support and extend previous findings from cell culture and clinical samples (31, 32) . Together they suggest participation by and interaction among tissue remodeling enzymes, cell surface receptors, and growth factors. Also observed was the increased expression of galectin 8 (24 weeks p.i., Table 3 ), which regulated inflammatory cell adhesion (67, 103) and is a member of a family of highly conserved ␤-galactoside binding lectins that mediate cell-cell and cellmatrix interactions. Galectins 3 and 4 also had increased expression in our study but did not meet the significance criteria. Up-regulation of galectins 1 and 3 has been observed in AGS cells (54) but has not been studied in vivo. Galectins 1 and 3 are important mediators of the inflammatory cascade via neutrophil recruitment and induction of the respiratory burst (1). Galectin expression is typically altered in neoplastic tissue, including gastric adenocarcinoma (61) . Although early changes in galectin expression could represent preneoplastic changes in gastric epithelial cells as has been suggested previously (54) , the functional role of the galectins and the acute timing in these animals suggest that they are part of the innate immune response to infection. It is also possible that binding between galectins and H. pylori could occur. ␤-Galactoside carbohydrates are common components of bacterial membranes, and interactions between host galectins and other microorganisms such as Leishmania spp. and Neisseria gonorrhoeae have been described previously (45, 74) , as have associations between H. pylori and host glycoproteins (44) .
(v) Hsp. The expression of several heat shock proteins (Hsp) was decreased at all time points p.i. (Tables 1 to 3 ). Although best described as protein chaperones during cellular stress (42) , recent evidence suggests that Hsp are also important for activation of the innate immune response (8) . Release of the inducible Hsp, such as Hsp70, from necrotic cells provides a danger signal to antigen-presenting cells, which induces cellular activation and cytokine production (88, 91) . In addition, peptides bound to Hsp70 serve as a source of antigen and Hsp70 itself is a maturation signal for dendritic cells (60, 88) . Up-regulation of Hsp is the general response to all types of cellular stress, including infection (50) . We propose that downregulation of host Hsp70 by H. pylori is a mechanism to limit the host inflammatory response and facilitate chronic infection. This immunomodulation can be viewed in the larger context of emerging evidence that H. pylori has multiple strategies to promote chronic infection and avoid host immunity, such as synthesis of a lipopolysaccharide with low biological activity (62), down-regulation of IL-2 signaling (34), and the presence of flagellar proteins that do not activate toll-like receptor 5 (37) . These results suggest that the role of Hsp70 expression in H. pylori infection, which to date has been little studied (49, 89) , may be a fruitful area of investigation to better understand bacterial persistence in the face of an active humoral and cellular immune response.
Cytokines-chemokines. One of the hallmarks of infection with Cag PAI-positive strains of H. pylori is the up-regulation of IL-8 expression by gastric epithelial cells (23) . It was therefore surprising that we and others (72, 96) did not find IL-8 expression increased according to the data analysis criteria that were established. One possible explanation for this observation is sequence differences between rhesus macaques and humans for IL-8. Since the monkeys were inoculated with a mixture of strains of H. pylori J166, only some of which induced IL-8 in cell culture, there was a possibility that only non-IL-8-inducing strains colonized the monkeys or that colonizing strains subsequently lost the ability to induce IL-8. This latter observation has been reported previously in a mouse model of H. pylori (75) . However, assays of IL-8 induction from multiple bacterial colonies at each time point p.i. showed that IL-8-inducing strains were recovered from each monkey at all time points p.i. (data not shown). Analysis of the fluorescence intensity values for the IL-8 expression indicated increased expression at 24 weeks with a fold change that was just below the twofold cutoff (Fig. 2) . In addition to IL-8, other proinflammatory chemokines such as IL-1␤, epithelial neutrophil-activating peptide 78, growth-related oncogene ␣, and monocyte chemotactic protein 1 are also up-regulated by H. pylori infection (22, 82) , which serves to recruit neutrophils and monocytes and promote the T-cell response to infection. While no changes in these chemokines were noted, increased expression of chemokine receptor 2, the receptor for monocyte chemotactic protein 1, was present at 2 and 24 weeks p.i.
Evidence of an anti-inflammatory response was also found p.i., such as decreased expression of T-cell chemotactic factors (34) . Increased expression of IL-2-inducible T-cell kinase (2 weeks p.i.) and the IL-2 receptor (24 weeks p.i.) may be compensatory changes in response to VacA-induced down-regulation of the IL-2 signaling pathway. These results emphasize that the response to H. pylori infection must be viewed in a systems manner, with attention to both inflammatory and anti-inflammatory circuits, which likely represent a mechanism of immune evasion. Structural elements. Structural changes to gastric epithelial cells are a key feature of H. pylori infection. Attachment to the host epithelial cell allows Cag PAI-positive H. pylori to translocate CagA into the host epithelial cell by a type IV secretion system, which leads to signaling events that cause cell elongation (80) . Changes in actin, elastin, and cytoskeletal gene expression were apparent at all three time points p.i. (Tables 1 to  3 ). Tropomodulin was decreased in expression 2 weeks p.i., while F-actin capping protein was increased in expression at 2 and 24 weeks p.i., indicating changes in the actin structure. Other actin-associated genes were changed at 2 weeks, such as myosin IF (increased) and actin-related protein 1B (decreased), both of which are involved in intracellular transport and indicate alterations in this mechanism in the gastric mucosa. Decreased expression of coronin 2A, which interacts with the actin cytoskeleton in epithelial cells (25) , was noted 8 weeks p.i. Recently VacA of H. pylori was shown to interrupt phagosome maturation in macrophages by retaining coronin 1 in the phagosome, preventing phagosome-lysosome fusion (101). It is not known whether VacA could interact with coronin 2A in epithelial cells. Finally, at 8 and 24 weeks p.i. there was a decrease in desmocollin 3 expression, indicating a change in desmosomal junction structure. At 24 weeks p.i., just below the twofold change cutoff, decreases in tight junction protein 1 (zona occludens 1) and gap junction protein beta 1 expression were noted (data not shown). These changes are intriguing in light of recent evidence that CagA directly interacts with zona occludens 1 of the apical-junctional complex of epithelial cells (2) .
Cell growth and differentiation. In the face of gastritis, there is an expectation to find promotion of cell growth to replace dying cells. However, the gene expression pattern suggests that cell growth was suppressed at all time points p.i. Numerous growth factors associated with wound healing were decreased in expression, such as fibroblast activation protein ␣ (all time points), fibroblast growth factor (8 weeks p.i.), hepatocyte growth factor (24 weeks p.i.), and platelet-derived growth factor ␣ (24 weeks p.i.). Glypican 3 was increased in expression 24 weeks p.i. Glypican 3 is a heparin sulfate proteoglycan that suppresses cell growth (87) , and it is markedly decreased in gastric cancer (102) . Suppression of cell growth may favor H. pylori infection by limiting repair and allowing nutrient leakage through damaged epithelium.
Apoptosis. Both pro-and antiapoptotic gene expression were present p.i., which is consistent with previous findings in vivo (70, 73) . Both the Fas-tumor necrosis factor (TNF) receptor-mediated pathway and the mitochondrially based pathway involving cytochrome c have been implicated (46, 58) . Evidence for the Fas-TNF apoptotic pathway was present at each time point. At 8 and 24 weeks p.i., members of the TNF receptor superfamily showed increased expression. These receptors interact with the death domain-containing protein TRADD to induce apoptosis (7). Daxx, which mediates the apoptotic signal from Fas to JNK, was increased in expression 2 weeks p.i. Conversely, while the TNF receptor was up-regulated, TNF-␣ expression was decreased (24 weeks p.i.), as was that of Fas ligand (8 weeks p.i.). The mitochondrially based apoptotic pathway may not be active early in infection (2 weeks p.i.) due to the increased expression of prothymosin ␣, which acts as a negative regulator of caspase 9, inhibiting formation of the apoptosome (76) . Subsequently, prothymosin ␣ was decreased in expression (24 weeks p.i.), indicating a change in apoptosis at this time. In conflict with the apparent proapoptotic state at 24 weeks p.i. was increased expression of two Bcl-2-interacting proteins. These results again emphasize the complexity and reciprocity of host gene expression in response to H. pylori infection.
Signal transduction pathways and transcription factors. There were changes noted in transcription factor and signal transduction pathway components present at all time points p.i. Most of these genes are not well defined and have not been associated specifically with H. pylori infection. Of the pathways and factors that have been associated with H. pylori infection, the extracellular signal-regulated kinase-mitogen-activated protein kinase (MAPK) pathway was best represented (71, 83) . At both 2 and 24 weeks p.i., elements of the MAPK pathway were increased in expression (Tables 1 and 3 Conclusions. High-throughput gene expression technology, together with the rhesus macaque model, provides unprecedented opportunities to examine the H. pylori host-pathogen interaction in a model system that is relevant to human infection. The results from this initial effort partially confirm and in some cases extend previous results drawn largely from cell culture experiments or observational studies of infected human tissue. Our results only partially agree with a recent study that focused on the expression of inflammatory genes in human patients infected with H. pylori, which could stem from true biological differences or from technical differences. The complexity of the results should not be discouraging. It probably reflects in part technical limitations, such as the use of human rather than rhesus DNA sequences, and the failure to analyze expression of individual cell types, a problem that can be solved in future studies through the use of laser capture microdissection. However, we would argue that the complexity also reflects a biological system that is not simply proinflammatory or anti-inflammatory, proapoptotic or antiapoptotic, but is rather a complex host response composed of circuits and compensatory responses. Like any screening analysis, the strength of these data lies in the uncovering of potential novel mechanisms of pathobiology that may provide clues for future studies using more conventional methods of hypothesis-driven biological research (20) . For example, the unexpected, but consistent, finding that H. pylori down-regulates Hsp provides an impetus to study their role in immunomodulation by using knockout and transgenic mice infected with H. pylori. We are currently beginning these and other studies that derive from this data set, as well as systematic studies to analyze the effects of well-defined knockout strains of H. pylori on host gene expression.
